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Anomalies

o Several electroweak penguin decays measurements showed anomalous deviation from
the expected SM value (1n semileptonic decays too, see Manuel's talk tomorrow)

e [arge theory uncertainty from hadronic form factors

e (lobal fit of Wilson coetficients seems to indicate a coherent pattern!
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Phys. Rev. Lett. 122 (2019) 191801

L 2.0

LFU and consequences . '®

o [ epton Flavour Universality (LFU): couplings with 1,05_ .................................. I
gauge bosons of all leptons are equal I .

o (QCD uncertainties completely cancel 1n the ratio 0.5; le;b s a0

e (leaner observables can be used to probe NP eftects R lllslcllzl[(l}éovlz/lc;]

e Hints of deviation from LFU test consistent with

b — suu BF and angular analyses if NP only in u

e Possible Lepton Flavour Violation (LFV) as possible
consequence

—— NCLFU observables 3o
1.9 4 b — sup & corr. obs. lo

Aebischer et al, Eur. Phys. J. C (2020) 80:252

—— global 10, 20
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LHCDb detector

Excellent vertex and IP - g;ac_king Calorimeters on System
. Magnet ations

resolution: 5m — / -
O(IP) = 24um at ptr = 2GeV N

(IP) = 24pm at p \ —
Good momentum resolution: Verte;)/
o(p)/p = 0.4-0.6% for Locator
pE(0,100)GeV/c .

% T © © —

Muon 1dentification: J
Sﬂ = 98%, SKeﬂ = 06%, R4CH1 = —
831;%]4 — 0.3% WO - — L
Trigger etfficiency: Tracker / i@ RICH2 ~ .
g, = 90% for selected B decays Turicensis | | T | T T .

5m 10m 15m 20m y4



~1 visible ~5 visible ~50 visible
Interaction Interaction Interaction

LHCbh— ¢————— LHCb Upgrade |—— o————LHCb Upgrade ll /™

LS3
o -1 LS2 — 33 HL-LHC - . 1l e — 1. M s 1
L= 101b Injector upgrades £=2x10 AT AR —_— L~ 00t L4 L=1-2x10 LS5 =L~ 300fb
Phase 2 upgrades
200 || 2010 21 202|202 a0 202 2025 02 207 202 200 21 2052 s 203 ons v avo] 2

LHCDb Upgrade |: incremental

LHCb Upgrade |
iImprovements/prototype detectors

Installation starts

e Preparing the upgrade for Run3 and Run4 during LLS2
e Full software trigger and new readout system, all detector at 40MHz (32 Tbps throughput)
e Replace tracking detectors + PID + VELO, & = 2 x 10> cm™%s™!

e (Consolidate PID, tracking and ECAL during LS3
e Phase-II upgrade during LLS4:

e New detector technologies, & = 1.5 x 10°* cm™

S—l

6



211D

1w detectonr +- U
Detector upgrade |l "0

Side View HCAL

ECAL M4 M5
New Vertex Detector M3
improved [P Magnet SciFi RICH2 M2
resolution Tracker
= : L |

' /
\ I K #
(. ". 5 1 Y
\ ./
Ny aekane | 0
\/ R v v v \
\ V4 \ -
2 b
\ b
O \ / /
SEACIONIS \ A ,
"\/ 5 ‘\ A ¥ x = - | — et — = — ~— = — — | \ \\\
) / \‘ dl 1 N \
". ; '-_ a Y L 1 2 bl ' \.
\ p 1 ~ » h ]
\ : \ .1 A




ICE with new :
I\iKil N }ﬂl LEW ECAL with finer
]photon aetectos segmentation and

Detector upgrade Il - oo i it
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Lepton Flavour Universality tests

e b — sC¢ processes excellent probe to test for LUV Ginax dI''B— Hu p=| .
effects : A2 dg
R — Qmin
® R is close to unity in SM, with very small N tmax AL[B— Hete ]
uncertainties 2 dq? dg

qmin

e Extremely clean test:

. . q _ q
e cancellation of hadronic form-factors ! i ’
uncertainties 1n predictions b s
e Possible deviation from QED corrections ~1% ‘
b@lOW CC resonance Bordone, Isidori, Pattori EPJC(2016)76:440
v/Z’ poser
o Electrons are very challenging @LHCD! it et



Electrons

Triggered on large energy deposit on calorimeter
Electron ID based on calorimetric information
Selection 1s a factor ~3 less efficient than muons

Boosted b-hadrons from LHC collision: most electron
emit hard bremsstrahlung

photon Magnet ECAL
. Y _--
» momentum resolution T .
heavily attected. Upstream R oo

Air
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Int.d.Mod.Phys. A 30, 1530022 (2015)
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— B — J/i(ee) K* —

— B = J/Y(uu) K"

Tail due to missed ECAL |
upstream brew resolution=—
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BT - K777/~ LFU tests

e Use of double ratio to further reduce systematics:

Phys. Rev. Lett. 122 (2019) 191801
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B+ —> K+f+f_ CrOSSChGCkS Phys. Rev. Lett. 122 (2019) 191801

e (Crosschecks universality in ¢c resonances 1n all

- N z LHCb simulat
kinematic regions BB+ = Iy — uru-)K") S 1op ¢ SHHEHon
r — — 1 % i
W BB = Jhw( > ete)K) E
S i
= :
= 0.30—m \\ ~ S 05
S ; LHCb s ¥
E 0.25F Xf&\%\g\ simulation = L1 LHCb i
7 0.20F 6 S —I— 5
R | §§ | § T —’— - 0.0 b
0.15F \ 1.0 ‘I" """"""""" T ++ """"""""" + ++_I_ """""""""" ++ ~ Hor
0.10[ i + S LHCb
; 15 Z ~1.05(
0.05F 1 0.9} s b
? ) T R R SR S TR N N (NN NN (NN NN NN MNNNN N NN SN N B ~ -_{ ............................................. IR (S ovvmmmm————  ———
0.00 40 4.5 50 55 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 100: ++++
loglo(max(p( (M), p())) max(p(l "), p(I")) x a(l*, [") bin number -
095
e Can also test that Rk measured at the yw(2S) is 1 N
0 0.1 0.2 0.3 0.4 0.5

dilepton opening angle [rad]

B(BT — KW(QS)(WM))/B(B+ — KT9(25)(e"e™))

Ry(25) = BB S K10 ) | BB = K+ ljo(ee)) 0.986 + 0.013 (stat + syst)
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BT - K777/~ LFU tests

Phys. Rev. Lett. 122 (2019) 191801

NS: zOO LHCb g 100 LHCb
. 0 — —4— Data O —4— Data
e Measurement with 2011-2016 (~5 tb-1 at 2 Js0f — Toal 2 — Toal
_ : 2 i < ook i g B
Vs =7.8 and 13 TeV) in central g2 bin i Conimanial | G @ A
[1-6]Ge V2 - =, B ot
O F \ S 20FE .
R. = () 846+0-060+0.016 et ) i
p KT M —0.054-0.014 05200 5300 5400 5500 5600 0% 5000 5500 6000
m(K u ) [MeV/c?] m(K ete”) [MeV/c?]
e Yield of ~766 BT — KTe"e™ events vs !
~1943 BT — K*u*u~ driving the total - LHCb
uncertainty: 1.5F
» 7% statistical error vs 2% systematic PN S I | E
i A |
® Rk 1s tound to be lower than 1 by ~15% i i -
0.5} W .« Belle
» Still compatible with the SM at 2.5¢ :
- e LHCDb Run 1 + 2015 + 2016
level! | S T T N T
0 5 10 15 20

- q? [GeV?*/c*]



BY — K'V%/%#~ LFU tests

Results use Runl data ~3fb-! of
integrated luminosity

Precision of ~17% 1in both bins,
statistically dominated

Upcoming Runl+Run2 analysis expected

to reduce uncertainty by a factor ~2

- 0.6610: 03 (stat) 1902 (syst) for 0.045 < g% < 1.1 GeV?/c*
) 0.6910-11 (stat) 093 (syst) for 1.1 < ¢% < 6.1 GeV2/c*
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LFU test with baryons
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e First test of LU with b-baryons, using Ag — pK£* ¢~ decays, analogous to R(K""), expected
to be unity in the SM [Fuentes-Martin et al.]

e Analysis performed using Runl + 2016 dataset
e Region considered for the measurement: m(pK~) < 2.6 GeV/c?and 0.1 < g° < 6 GeV?/c*

e Efficiency crosschecked with resonant J/y componentin 6 < ¢~ < 11 GeV?*/¢"


http://arxiv.org/abs/1909.02519

LFU test with baryons

e First observation of Ag — pKe™e™ with more
than 70

BN~ pKe'e™)| = (3.1 +£0.4+0.2+0.3£%4) x 107
0.1<g?<6GeVZ/c* '

BN~ pKu*O)| = (2.65 +0.14 + 0.12 + 0.29+238) x 10~
0.1<g?<6GeV2/c* '

= 0.8670-1% + 0.05

RpK| —0.11 —

0.1<g?<6GeV?Z/c*
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Prospects for Ry, measurements in LHCb

Bifani et al, J.Phys.G 46 (2019) 2, 023001

.. . 0.30
e Precision driven by the electron ' ' Bello 1T .
mode and projection based on the Belle — 1T Ry,
current performances 0.201 LHCb Ry
LHCb RK*
* Rk hitting QED uncertainty during £ .20} LHCb R,
Run 6 & — LHCb R,
%015
o Higher statistics will give access ¢ m
to additional observables such ko]
as R 2 0.10F
T A
R x precision Run 1 result 9fb~" 23fb~' 50fb~" 300fb~* 0.05
Rk 0.745 £ 0.090 £ 0.036 [274] 0.043  0.025  0.017  0.007 ad Il
R g0 0.69 £0.11 +£0.05 [275]  0.052 0.031 0.020 0.008
Ry — 0.130 0.076 0.050 0.020
Rpk — 0.105 0.061 0.041 0.016 0.00 | | | | |
YV ™ ™ 4 ©
Qy"\ Qg“ Year Q_&\ Qg? Qy“

17



Test of LFU with B(OS) — ete™ decays

e Helicity suppressed by @(1()_4) relative to B( S Tuo

B(B) — ete™) =(8.35+0.39) x 1071
BB = ete™) =(2.39+0.14) x 1071

M. Beneke et al. JHEP 10 (2019) 232

NP effects could increase BFs by O(10°)

Current analysis pertormed on Run1+2015+2016 data

Signal extracted from UML fiton m,,, -

y BB — eTe™) < 11.2x 1077 at 95% CL

y» BB - ete™) <3.0x 1077 at95% CL

18

Phys. Rev. Lett. 124 (2020) 211802

LLHCbH —4— 2015-2016 data

—— full model
] comb1nat0r1a1
B B —D et v, decays |
B— Xe'*e™ decays il
I X,— h'e” v, decays _
B— h*h'~ decays

N
-
-

200

Candidates / ( 120 MeV/c?)

4500 5000 5500 6000 6500
m(e*e”) [MeV/c?]

Fleischer et al., JHEP 05 (2017) 156

0.1
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1074+
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2017 %LHCb limit
| 2020
! 2009 , | LHCb
2013 CDF limit ' | limit |
CDF limit ! i
SM ! TN T
________ Y
2019 LHC & SM Universal
New Physics
Scenario
SM
B(By—7117) BBs—pp) B(B;—ee)




Prospects

. BSO — eTe™ already probing possible LUV
scenarios

e Potential backgrounds like BY — eTe™y
might become relevant with larger statistics

e Electron reconstruction/PID unknown after
Upgradell

o AlSO Bg , = tT77 even if far from SM

expectations still powerful tool to

constraint NP Leptoquark models
Phys. Rev. D 94, 115021 (2016)

e Runl:
@(Bg)
e 300 fb—1:

%(Bg) > 1717) <26 -5%x107*@95 % CL

> 1717) < 6.8%x 107 @95 % CL

Expected upper limit @ 95%

Universal NP Scenario for B—e *e ™~
Run 2

p—

3
oo
|

Private extrapolation of current
result by LHCb with [ &

Run 4

Run 6

p—

3
©
|

............................................................................................ —LHCDb B(B)—e*e"
LHCDb B(Bl-e*e™

) ..
) L

| |
2025 2030
Year

| |
2015 2020 2035
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® [.epton Flavour Violation forbidden in the SM

® (Dbservation of neutrino oscillation — evidence

of LFV 1n the neutral sector. However no
observation of LFV 1n the charged sector so far

~

By — ey) < 107

20

1.6]

R(D™)/R(D™)sm

e If LFUV confirmed

Br{B->K1u]x10°

1.5;
1.4
-
1.2;

1.1}

-04 -02 00 02 04 06 08 1.0

Log1g[A53/A5,]

Lepton flavour violations measurements

R(D™) 20
B RD™) 10
excluded

= [nteresting correlation with b — sty and
b — sue LFV processes in several BSM
models

Crivellin, Mueller, Ota JHEP09(2017)040
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Phys. Rev. Lett. 123 (2019) 211801

BF can be ~O(10-°) in some models with Z'/
leptoquarks [JHEP 11 (2016) 035]

LHCDb analysis with Runl data (3 tb-1)

Reconstruct Bg y = tu™ candidates using the

3-prong T decays

Events classified with multivariate operator and
invariant mass (kinematically constrained)

Mode Limit 90% CL 95% CL
B} — 7=uT | Observed | 3.4 x 107° | 4.2 x 107°
Expected | 3.9 x 107° | 4.7 x 107
BY — 7=ut | Observed | 1.2 x 1072 | 1.4 x 107>
Expected | 1.6 x 1072 | 1.9 x 107

Candidates / 0.2

10° &

Cand. / (0.05 GeV/c?)

Pull

120
100

_ LHCb

Same-sign data

0 + + _+ ___+ F . . -
—— B —1* (—=a*x x°v)u simulation

oy
0.4 0.6 0.8 1
BDT isolation-based output

LHCb
BDT bin 4

}I'IL%

5.6 5.8
M, [GeV/c?]
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https://link.springer.com/content/pdf/10.1007/JHEP11(2016)035.pdf

Bg) — U 4.0

Bordone et al. JHEP10(2018)148 (2018)
e Already very effective in v 35
constraining BSM models such o
Pati-Salam extensions ;'
e Complementary to cLFV searches A
with 7 3
+
1.6
T
N
2
X 0.8
0.0+—m—

0.00 0.02 0.04 0.00 0.08 0.10 O0.12
B(T-3u) x 108

22



B — ¢’ prospects

CERN-LHCC-2018-027

LHChb—e LHCb Upgrade l— o———LHCb Upgrade ll —

R T T

LS3

L= 10fb" Injecto';usngra o £=2x10¥——  HUHC [~ 50 LS4 £=1-2X 10%— LS5 —>Lip~ 300707
200 | a0ts ot azn 201 202 {202 2020 202 0 2027 2020 02 05 st sz 53 a0 203 203 | [aom | 2

LHCb Runl Upgrade 1 Upgrade 11

BB — eTu¥) <13x107° <2x 10719 <9x 107!

BB — e*u™) <63x107° <8x 10710 <3x10710

BB - 5u7) <1.4%x107 - <3x107°

projections @95% CL

23



Phys. Rev. Lett. 123 (2019) 241802 2 i L IClI) R
= B ILH _
+ + i + % 3' ata i
B % K //t e + é I i Ilgackground only
— - e Signal model
< 2 —
o Leptoquark/Z' scenario: B ~ O(10~° — 107°) g
Leptoquarks: [PRD 97 (2018) 015019, JHEP & '} I —
06 (2015) 072, JHEP 12 (2016) 027] | :
4300 3000 3300 6000
Z,: [PRD 92 (2015) 054013] m(K+M‘e+) [MeV/cz]
e Search for BY — K u~e™ performed with O S T
Runl (3tb-1) E 3 ILgHatgb | 1_:
0 — Background on y:
o BBt = KTute?) <88 %107 @95% CL < 2pywinimtinn | Sienatmodel |
o BBt > KTu=et)<95%x10° @95% CL = bl WU -
@)
0 méozm&..u&o.oom
4500 5000 5500 6000

24 m(K u*e ) [MeV/c?]



Projections

LQ: PRD 97 (2018) 015019, JHEP 06 (2015) 072, JHEP 12 (2016) 027]
Z’: PRD 92 (2015) 054013

Expected upper limit scales with /& CPV: PLB 750 (2015) 367

—LHCb B(B*—=K*ute~) -
LHCb BB*-K*u~-e*)

lS)ilectlon improvement gains quite a 0oL Expected improvement ]
1 3 = :
S Private extrapolation of current
o , 2 result by LHCb with [

Strongly constraining New Physics g
predictions 5 Jun 3

§: .........................................................................................................................................
Potential backgrounds like ERTR S i
BT — K*n"7~ might become 2

]

relevant with larger statistics .
5 Unofficial

| | | | |
2015 2020 2025 2030 2035 2040
Year
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JHEP 06 (2020) 129

s 020 ! ] =

— ¢ —

B + K + - % 0.18 - LHCb simulation =
Il/t T g 8461 ; 6 —— B_) signal E

. ok 0o

e BSM models predict to have large enhancement: ¢ 06_215 . ~=-non-By, signal
g Ol o, z

: < 0.08 Rl =

* PS3 model predicts BF ~ 10- T .06 E- &g, 3

, o 0.04 - AL =

e Best experimental limit from BaBar 0.02 F : =
0 E-oiﬁ@ﬂf‘ L -

e BBt - Ktutt) <28x107° @90% CL ) z
H : 0 [GeV?]
. e = ! ! =
® Analysis performed on Runl and Run2 data 2 4000 E L HCh ~ OSK ;
<3500 F soette 0ge =
. (\] ~ P4 .0. +SSK -
¢ 7 four-momentum fully reconstructed using < 3000 F- o . B
K —_ . ~ - o* -
BSZO — B7K™ decays (~1% of B+ production) %2500 o, E
S 2000 E- o T % =
e kinematic constraint to reconstruct missing gIS00E o E
mass m, S T T
500 R 'I::.. —;
O_:...!' ! | S

0 S 10
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% ooF. — Data LHCb i 2 [ —Dm LHCb ]
g - — Fit BDT bin 1 - g 250 gyt BDT bin 2 -
S 0 3 Y By, signal E S 100 E_ Y B signal E
I | E 400 - non-B,; signal = % . non-B,; signal ]
= - --- Background i =5 150 --- Background —
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e Simultaneous fit in four bins of BDT:
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e (CLs method used to set the limit:
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LFV In the charm sector

e Searches for 25 new charm rare/LFV/LNV

e preliminary results compatible with bkg-only hypothesis
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S Summary

e FCNC i1s a powertul tool to probe for NP eftfects

e Current anomalies in b — s£¢ processes suggest possible NP. Update of LFU can
possibly show an evidence of NP already with tull Run2 data.

e Additional decays can be exploited (Baryons) for the search for BSM effects.

o [LFV searches with the LHCDb detector can strongly constraints the parameters space of
several BSM models.

o [LHCb upgrades will provide the statistical power to discriminate between NP models,
and provide access to additional observables.
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Effective theory

e Similarly to the p-decay we can integrate out the heavy field of the SM

Full theory Effective description
|44 b
b S
t t
0
A -
. e et : +
e Model independent descriptitn 1n effective field theory: H
4G » C1 Wilson coefficients encoding
Herr = \/§7T V;;V;tb Z [Ci O, + CZ{ O;] info of the short distance physics
o ()

* O1 four-fermion operators
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Possible terms
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BY — K'V%/%#~ LFU tests

® Results use Runl data ~3tb—1 of integrated luminosity

® Measure the double ratio with the resonant mode B— K*J/y(—{+{-)

® Fit B mass in two g2 regions: low [0.045-1.1] GeV2/c4 and central [1.1-6.0] GeV2/c4

5 A Y(2S)— L0

[JHEP 08 (2017) 055]

:’:-E - - --'E ......

6
central g2 4

2 -

0

low g2

500 5000 5500 6000
m(K - utu) [MeV/c?] m(K mete”) [MeV/c?]
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BY — K'V%/%#~ LFU tests

Pulls Candidates per 10 MeV/c2

Pulls Candidates per 34 MeV/c?2

JHEP 08 (2017) 055

Similar deviation observed in Ry« analysis on Runl data ~3tb-!
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Rk* crosschecks

e Measure single ratio for the J/1 mode to control
absolute scale of the efficiencies:

BB = K*J /(= ptpm))
o V7T B(BY S KOJ/(— ete))

— 1.043 + 0.006(stat) £ 0.045(syst)

N .
S 05F LHCb 0.045<q?<1.1 [GeVcY] =
.. : % - B' =K utu- 1y Data — Simulati -
* Additional cross-check from measurement of the ratio: £ bz, o 7R T oIt
:-5 5// 7/ E
R B(B” = K*(25)(= pp~)) [B(B” = K™(25)(—= ee”)) 5 03 E
— ) % -
o VBV BB EVIY(—ptpn)) [ BB KOJ[p(—eten)) w f :
= 02 — | -
e measured with 2% precision compatible with 1 within 5 ¢ 77, S
lo s 7 2 Z
i 7, 4
0 l 1 1 1 1 l
. _ 0.5 1
e Splot technique used to statistically subtract o2 [GeV?/c*]

background from data — good agreement between
data and simulation
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Physics Motivation

Bg , = utu~ decays only proceed through FCNC ;0
processes and are highly suppressed in SM (Loop + helicity) i
An excellent probe to look for NP.
What to measure:
- : BSO — u*u~ may start to enter precision regime, while

first evidence of BY — 11~ might emerge. R0

- Effective lifetime: only the heavy B, state can decay into pu in the SM; different
composition of states may be allowed by NP.

SM predictions:
BB - utu™) =3.66+0.14)x 107

BB - utu™) = (1.03£0.05)x 10710 M. Beneke et al JHEP 10 (2019) 232

7, = 1.609 £ 0.010 ps HFLAV, Y. Amhis et al., Eur. Phys. J. C 77 (2017) 895
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( 2D _contours )
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Results: Combined 2D Contours

* The 3 binned log-likelihoods are summed + %
shifted to zero. s
S,
e Apply the analytic model on the combined 21 oi
likelihood histogram to obtain the combined Q
branching fractions.
e Results:
o BB — ptu7)=(2.69+037)x 107 B
3.
o BB’ - utu)=00.6+0.7)x1071" N
)
e Compatibility with the SM in 2D: 2.10 a
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Results: Combined 1D Likelihood Curves

e Profile 1D likelihoods for one of the branching fractions, and the ratio
R =RBB" — utu ) BB — utu), as obtained from the 2D contours:

e BB’ - utu)<1.6(1.9)x1071°@90% (95%) CL
e X < 0.052(0.060)x 1071 @90 % (95%) CL
e Compatibility with SM for BY — u*u~ and B = u*u~: 2.40 and 0.60
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